Zinc is an essential micronutrient for all living organisms. It is required for signalling and proper functioning of a range of proteins involved in, for example, DNA binding and enzymatic catalysis . Here we present crystal structures representing the phosphoenzyme ground state (E2P) and a dephosphorylation intermediate (E2?P i ) of ZntA from Shigella sonnei, determined at 3.2 Å and 2.7 Å resolution, respectively. The structures reveal a similar fold to Cu 1 -ATPases, with an amphipathic helix at the membrane interface. A conserved electronegative funnel connects this region to the intramembranous high-affinity ion-binding site and may promote specific uptake of cellular Zn 21 ions by the transporter. The E2P structure displays a wide extracellular release pathway reaching the invariant residues at the high-affinity site, including C392, C394 and D714. The pathway closes in the E2?P i state, in which D714 interacts with the conserved residue K693, which possibly stimulates Zn 21 release as a built-in counter ion, as has been proposed for H 1 -ATPases. Indeed, transport studies in liposomes provide experimental support for ZntA activity without counter transport. These findings suggest a mechanistic link between P IB -type Zn . These findings considerably increase our understanding of zinc transport in cells and represent new possibilities for biotechnology and biomedicine.
1
. In prokaryotes and photosynthetic eukaryotes, Zn 21 -transporting P-type ATPases of class IB (ZntA) are crucial for cellular redistribution and detoxification of Zn 21 and related elements 2, 3 . Here we present crystal structures representing the phosphoenzyme ground state (E2P) and a dephosphorylation intermediate (E2?P i ) of ZntA from Shigella sonnei, determined at 3.2 Å and 2.7 Å resolution, respectively. The structures reveal a similar fold to Cu 1 -ATPases, with an amphipathic helix at the membrane interface. A conserved electronegative funnel connects this region to the intramembranous high-affinity ion-binding site and may promote specific uptake of cellular Zn 21 ions by the transporter. The E2P structure displays a wide extracellular release pathway reaching the invariant residues at the high-affinity site, including C392, C394 and D714. The pathway closes in the E2?P i state, in which D714 interacts with the conserved residue K693, which possibly stimulates Zn 21 release as a built-in counter ion, as has been proposed for H 1 -ATPases. Indeed, transport studies in liposomes provide experimental support for ZntA activity without counter transport. These findings suggest a mechanistic link between P IB -type Zn . The lack of ZntA in animals, the prevalence of such enzymes in pathogens, and the fact that zinc is exploited in the host-microorganism arms race (for example, to inactivate vital virulence determinants of Streptococcus pneumoniae 8 ) make these P IBATPases attractive targets for new antibiotics, antifungals and herbicides. ZntA couples ATP hydrolysis at the intracellular A (actuator/dephosphorylation), P (phosphorylation) and N (nucleotide binding) domains to ion efflux through the M (transmembrane) domain (Extended Data  Fig. 1a ). The mechanism is schematically described by the 'Post-Albers' cycle 9 , which has four principal states (E1, E1P, E2P and E2) that define alternating access to an intramembranous high-affinity ion-binding site 10 ( Fig. 1a , centre, and Extended Data Fig. 1b) . However, the only structures that have been determined for this class of protein are for the related Cu 1 -transporting P IB -ATPase CopA 11, 12 and for a ZntA domain 13 , limiting the functional and mechanistic understanding of this class of proteins. Fundamental questions that remain to be answered include how zinc transport is accomplished across the membrane and coupled to ATPase activity and how sequence motifs that are specific to Zn 21 -ATPases relate to structure and function.
We have determined the crystal structures of two reaction cycle intermediates of ZntA from S. sonnei, which is 99.2% identical to the Escherichia coli ZntA (the best characterized member of the family) and is stimulated by the equivalent ions in vitro ( , mimicking the zinc-free phosphoenzyme ground state (denoted E2P) and a dephosphorylation intermediate (E2?P i ), respectively. The structures were determined at 3.2 Å and 2.7 Å resolution (Extended Data Table 1 ) and reveal a P IB -type ATPase fold reminiscent of CopA, with intracellular A, P and N domains and eight similarly arranged transmembrane segments (MA, MB and M1-M6), albeit with shorter extracellular loops (Extended Data Fig. 5 ). The heavy-metal binding domain (HMBD), a characteristic feature of P IB -ATPases (Extended Data Fig. 1a) , was, however, not visible in the electron density maps, as was also the case for CopA
11
. The intracellular domains are arranged differently in the two S. sonnei ZntA structures, in agreement with the equivalent states of CopA and SERCA 4, 11, 12 : BeF 3 2 mimics the phosphorylation of D436 (S. sonnei ZntA numbering throughout), which is buried and protected by the catalytic TGE loop of the A domain in this E2P-like state, whereas the TGE motif activates a water molecule coordinated to AlF 4 2 , imitating dephosphorylation at D436 as in an E2?P i -like state (Extended Data Fig. 6 ).
The single intramembranous high-affinity Zn
21
-binding site of ZntA 10 deserves particular attention. Biochemical studies have indicated that Zn 21 binding depends on C392 and C394 (in the CPC motif of the M4 segment), K693 (M5) and D714 (M6) 10, 15 . In the structures, these four residues overlap well with the equivalent cysteines, asparagine and methionine in the corresponding E2?P i state of Cu 1 -ATPases 11 (Fig. 1b, c) . Further supporting an important functional role of these four residues, the only other conserved side chains in the region that may participate in Zn 21 binding are those of M187 and Y354, but our mutations of these residues do not affect function (Fig. 2a) . However, the K693 side chain would be an unexpected ligand for Zn 21 (refs 16, 17) , and indeed Zn 21 binding is unaffected by the mutation of lysine to alanine at this position (K693A) (Fig. 2b) , suggesting that binding is instead established by the two cysteine thiolates and two oxygen ligands, possibly from D714 in a bidentate fashion, which is a recurrent coordination motif of Zn 21 -binding sites 16, 17 . Congruent with this role, the relative activity of the D714E mutant decreases with the increasing ionic radii and coordination distances of Zn
, Cd 21 and Pb 21 (Fig. 2a) . What therefore is the role of the essential K693? One striking difference between the ion-binding region (between M4, M5 and M6) of CopA and ZntA is the aforementioned D714 in S. sonnei ZntA. The side chain of D714 is stabilized by K693 in the E2?P i state ( Fig. 3a and Extended Data Fig. 7a ): this interaction potentially has important functional implications, with the charge-stabilizing lysine residue possibly acting as a built-in counter ion in zinc-free states (that is, as observed here). Such a mechanism was proposed earlier for plasma membrane H 1 -ATPases 18 (Fig. 3c) . Indeed, residues R655 and D684, which form this pair in the Arabidopsis thaliana H 1 -ATPase AHA2, are located at positions that almost overlap the positions of K693 and D714 of S. sonnei ZntA 18 , pointing to common principles of ion transport in P IB -and P IIItype ATPases.
Transport and putative H 1 counter transport were then analysed in proteoliposomes. Whereas Zn 21 accumulated in vesicles (Fig. 2c ), we were unable to detect any changes in intravesicular pH (Fig. 2d) . As a positive control, we used the Ca 21 -ATPase LMCA1 from Listeria monocytogenes, which showed clear H 1 antiporter activity 19 (Fig. 2d) . Furthermore, while the electron density maps allowed the identification of several water molecules in the E2-AlF 4 2 structure, no sites were detected that could be ascribed to, for example, K 1 , Na 1 , Ca 21 or Mg 21 counter ions, and these cations were also not required for ZntA activity (Extended Data Fig. 4b and see Methods for details). All considered, our observations thus support zinc flux without associated counter-ion transport.
In Cu
1
-ATPases, ion release has been proposed to occur via a pathway lined by MA, M2 and M6 that remains open in the E2P and E2?P i states 12 . We were consequently surprised to find that no extracellular pathway was evident in the E2?P i state of S. sonnei ZntA, in contrast to CopA, and that, instead, substantial conformational changes occurred in the M domain in the E2P to E2?P i state transition. These conformational changes resemble, by contrast, those of SERCA, in which a wide opening appears between M1-M2, M3-M4 and M5-M6 in the E2P state 4,5 and reseals in the occluded E2?P i state ( Fig. 3d and Extended Data Fig. 1 ). In ZntA, the extracellular portions of M5-M6 shift away from the Zn 21 -binding CPC motif, and rearrangements (less pronounced than those of SERCA) in M2 and M3-M4 expose the high-affinity site to the extracellular side ( Fig. 3d and Extended Data Fig. 7a ). This SERCA-like pathway must allow release of free zinc into the extracellular environment, as further supported by an observed reorientation of the sulphur side chains of the CPC motif away from the ion-binding site between the E2P and E2?P i states. With K693 being flexible without a strong interaction with D714 in the E2P state (Fig. 3b) , it is possible that K693 has an additional role: electrostatic repulsion against the re-entry of Zn 21 , possibly further stimulated by E202 guiding Zn 21 into the extracellular environment. The equivalent residue to E202 in SERCA and CopA (E90 and E189, respectively) has been proposed to serve a similar purpose 11, 20 , and supporting this notion, E202 is critical for enzyme function 21 (Fig. 2a) . Furthermore, E202 showed considerable conformational flexibility in a 60-ns molecular dynamics simulation of the open E2P structure, linking the intramembranous ion-binding site to the extracellular environment, as is also supported by steered molecular dynamics simulations of Zn 21 passage from the CPC motif to the extracellular environment (Extended Data Fig. 7b-e Fig. 2 ). Side chain atoms are depicted in blue (nitrogen) and red (oxygen).
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the intracellular side (Extended Data Fig. 1b) , they hint at how Zn 21 entry may take place. The uptake of intracellular cations by P-type ATPases is expected to occur at the membrane interface at M1 (refs 4, 5, 11, 18, 22, 23), and in CopA through an entry site with an invariant methionine. Sequence analyses show that M1 segments in Zn 21 -ATPases also harbour a conserved methionine (M187), although this residue is located closer to the CPC motif in ZntA (Fig. 1b, c and Extended Data Fig. 2 ), but mutational studies indicate that this residue alone is not essential (Fig. 2a) . However, in contrast to CopA, the entry area in Zn 21 -ATPases displays a conserved and negatively charged funnel structure (lined by E184, E214 and D348 at the membrane interface) that stretches towards the intramembranous ion-binding site and that is plugged by M187 and F210, the latter of which is conserved as a phenylalanine or tyrosine in ZntA (Fig. 3e , f, Extended Data Fig. 8a and Extended Data Table 2 ). Whereas the activity of the F210A mutant is only moderately affected in vitro, the M187A and F210A double mutant is inactive, with less zinc binding than the wild type (Fig. 2a, b) . We note that the equivalent residue to S. sonnei ZntA F210 in H 1 -ATPases, N106, is a gatekeeper for H 1 entry 18,24 (Fig. 3c ). With the conformational changes anticipated for the shift to the E1 states, Zn 21 may thus be guided by M187 through the funnel and led directly to C392 in the high-affinity site, which is capped by M148 and F210. Because the funnel is narrow and negatively charged, we find it likely that free Zn 21 ions and not a glutathioneligated complex will interact with the funnel, unlike the proposed uptake mechanism of the heavy-metal ABC exporter Atm1 from Novosphingobium aromaticivorans 25 . The role of the HMBD of P IB -ATPases is puzzling 11, 26, 27 . In Cu 1 -ATPases, a platform formed by an amphipathic helix, MB9, at the intracellular membrane interface (Fig. 3g) has been proposed to serve as an interaction site for HMBDs, as well as for metal-donating chaperones, allowing allosteric regulation and copper supply to the ATPase core. The MB9 platform and its amphipathic character are maintained in ZntA, exposing several positively charged residues to the intracellular side (Fig. 3e , f and Extended Data Table 2 ). However, as no equivalent chaperones ; grey) and an E1-ATP model of S. sonnei ZntA (brown). Inset, identical view of the equivalent region of the E1-ATP (black) and E2?P i (orange) states of SERCA (PDB ID, 1T5S and 3B9R, respectively). d, Structural differences between the extracellular portions of the E2P (coloured as in Fig. 1a ) and the E2?P i structures (black) (see also Extended Data Fig. 7a ). e-g, The MB9 platform of the E2?P i state of S. sonnei ZntA (e, f) and L. pneumophila CopA (g). 
are known for zinc, the metal is most likely delivered by chelators such as glutathione, rendering the HMBD the most likely interaction candidate for the MB9 platform in ZntA. Using a known structure of the almost identical HMBD of E. coli ZntA 13 , the ClusPro docking server docks the domain immediately at MB9, stabilized by charge complementation (as was also proposed for CopA 27, 28 ) with the metal-binding CXXC motif (where X denotes any amino acid residue) being solvent accessible in the vicinity of the entry funnel (Extended Data Fig. 8b-d) . Truncations and mutations of the HMBD retain a functional ZntA, only with reduced activity 15, 29 (Fig. 2a) , and we therefore favour an autoregulatory role for this domain.
The first atomic structures of a Zn
21
-transporting P IB -type ATPase reveal unique features. These include an intracellular, negatively charged and presumably ion-catching funnel, a high-affinity Zn 21 -binding site with a putative lysine switch acting as a built-in counter ion (with an unexpected similarity to P III -type plasma membrane H 1 -ATPases) and an extracellular Zn 21 -release pathway (which, unlike that of coppertransporting P IB -type ATPases, resembles that of the classical P II -type ion pumps). These findings significantly increase our understanding of zinc transport in cells (Fig. 4) and represent new possibilities for biotechnology and biomedicine. Detailed insight into the transport mechanism and specificity determinants may, for example, aid in using plant biotechnology to accumulate valuable zinc in edible plants or to decontaminate heavy metals in soil, and the release pathway may be a favourable target site for new antibiotics.
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METHODS
Protein expression and purification. Several ZntA homologues from different prokaryotes were cloned and tested for expression, purification and crystallization in a parallel approach. S. sonnei ZntA (UniProt ID, Q3YW59) was cloned into pET-52 with a carboxy-terminal hexahistidine tag and transformed into the C41(DE3) E. coli expression strain. Cells were grown in LB medium at 37 uC to an absorbance at 600 nm (A 600 ) of 1.0, and the shaker flasks were cooled for 30 min with iced water. Expression was then induced with 1 mM isopropyl-b-D-thiogalactoside (IPTG) (final concentration) at 20 uC for 20 h. Harvested cells were resuspended in TKG buffer (17 g cells per 100 ml buffer) containing 20 mM Tris-HCl, pH 7.5, 200 mM KCl and 20% (v/v) glycerol and then frozen at 220 uC. Before cell rupture, the solution was added (final concentrations, 5 mM MgCl 2 , 5 mM b-mercaptoethanol (BME), 2 mg ml 21 DNase I, 1 mM phenylmethanesulphonyl fluoride and Roche protease inhibitor cocktail (1 tablet per 200 ml)), and the cells were lysed using a high pressure homogenizer (three times, 15,000-20,000 p.s.i.). The sample was then kept at 4 uC throughout the entire purification procedure until crystallization. Cell debris was removed by centrifugation at 23,000g for 20 min, and membranes were isolated by ultracentrifugation at 250,000g for 3 h. The membrane pellet was resuspended in 20 mM Tris-HCl, pH 7.5, 200 mM KCl, 20% (v/v) glycerol, 5 mM MgCl 2 and 5 mM BME, to a final concentration of 12 ml buffer per g membrane and then exposed to 10 mg ml 21 (final concentration) octaethylene glycol monododecyl ether (C 12 E 8 ) for 1 h with gentle stirring. Unsolubilized material was removed by ultracentrifugation at 250,000g for 30 min. The supernatant was supplemented with imidazole and solid KCl (final concentrations of 50 and 500 mM, respectively), filtered (0.22 mm) and then applied to several sequential 5-ml pre-packed Ni 21 -chelating columns (HisTrap HP, GE Healthcare; material from 4 l cells per column). The columns were washed with buffer containing 20 mM Tris-HCl, pH 7.5, 200 mM KCl, 20% (v/v) glycerol, 5 mM MgCl 2 , 5 mM BME, 0.15 mg ml 21 C 12 E 8 and 50 mM imidazole until the absorption at 280 nm (A 280 ) reached the baseline, and elution was achieved with an additional 450 mM imidazole (final concentration). The S. sonnei ZntA-containing fractions were pooled, and the protein was concentrated to 20 mg ml 21 and then subjected to size-exclusion chromatography. Protein (50 mg) was injected into an XK16/100 column prepared with a 100 ml column volume of Superose 6 Prep Grade (GE Healthcare) equilibrated with 20 mM MOPS-KOH, pH 6.8, 80 mM KCl, 20% (v/v) glycerol, 5 mM MgCl 2 , 5 mM BME and 0.15 mg ml
21
C 12 E 8 , and the resultant main peak from each run was pooled and concentrated to 12 mg ml
, aliquoted, flash frozen in liquid nitrogen and stored at 280 uC. Yields exceeded 10 mg purified protein per l E. coli cell culture. The final protein purity was monitored using SDS-PAGE, and the protein concentration was assessed by measuring A 280 . Crystallization. S. sonnei ZntA aliquots were thawed and supplemented with 4 mg ml 21 (final concentration) C 12 E 8 and incubated without stirring for 16 h at 4 uC, reaching a modified HiLiDe condition 14 . The sample was then ultracentrifuged at 100,000g for 10 min, diluted to a final concentration of about 6-8 mg ml 21 protein and treated with 10 mM NaF, 2 mM AlCl 3 or BeSO 4 , 2 mM EGTA and 10 mM N,N,N9,N9-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN) (final concentrations) for 30 min. Crystals were grown using the hanging drop vapour diffusion method at 19 uC. The best S. sonnei ZntA E2-AlF 4 2 crystals were grown using a reservoir with 300 mM lithium acetate, 3% (v/v) t-butanol, 14% polyethylene glycol 2000 monomethyl ether (PEG 2000 MME), 7% (v/v) sorbitol, 10% (v/v) glycerol and 5 mM BME. By contrast, the best S. sonnei ZntA E2-BeF 3 2 crystals were obtained using a reservoir with 100 mM MgCl 2 , 200 mM lithium acetate, 17% (v/v) PEG 2000 MME, 10% (v/v) glycerol and 5 mM BME. More than 1,000 crystals were fished with litho-loops, flash cooled in liquid nitrogen and tested at synchrotron sources. The final data sets were collected at the Swiss Light Source, Villigen, Switzerland, using the X06SA beam line and a wavelength of 1.0000 Å (0.9787 Å for Se-E2?P i [AlF]), a temperature of 100 K and the Pilatus 6M pixel detector. Data processing and structure determination. Data were processed and scaled with the program XDS 31 to 2.7 Å and 3.2 Å resolution. The E2-AlF 4 2 and E2-BeF 3 2 crystals belonged to space groups C222 1 and P2 1 , respectively. Initial phases for the E2-AlF 4 2 form were obtained with molecular replacement using Phaser
32
, and monomer A of L. pneumophila CopA (PDB ID, 3RFU 11 ) was used as a search model. Anomalous peaks in a Se-SAD (Se single-wavelength anomalous diffraction) data set of the E2-AlF 4 2 form were calculated using the molecular replacement phases, and the Se-Met positions were used to guide model building. Model building was performed with Coot 33 , using the L. pneumophila CopA structure as a template. Model refinement was carried out using phenix.refine ). The E2-BeF 3 2 form was also determined by molecular replacement using the refined S. sonnei ZntA E2-AlF 4 2 structure as a search model and refined using a similar procedure. The final refinement statistics are listed in Extended Data Table 1 . Structures were analysed using MolProbity, indicating that 96.35/94.42, 3.49/5.08 and 0.17/0.51% of the residues were in the favoured, allowed and non-favoured regions, with 6.64/10.91% rotamer outliers and 6.48/10.11% as clash scores, respectively, for the E2?P i and E2P states. Functional characterization. The purification protocol for functionally assessed S. sonnei ZntA constructs was similar to the one described for crystallization (DHMBD lacks the first 103 residues). However, following affinity chromatography, the samples were treated with 1 mM EDTA and then subjected to a 5-ml HiTrap desalting column (GE Healthcare) using the equivalent SEC buffer to that for crystallization. Release of inorganic phosphate (P i ) associated with ATPase activity was assessed using the Baginski assay 35 . The reaction system contained 5 mg protein, 40 mM MOPS-KOH, pH 6.8, 150 mM NaCl, 5 mM KCl, 5 mM MgCl 2 , 3.0 mg ml 21 C 12 E 8 , 1.2 mg ml 21 soybean lipid, 20 mM cysteine, 5 mM NaN 3 and 0.25 mM Na 2 MoO 4 in a total volume of 50 ml. This solution was first incubated with different transition metal ions or EGTA, supplemented with 3 mM ATP (final concentration) to start the reaction and then incubated for 10 min while shaking at 37 uC. Freshly prepared stop solution (50 ml) (2.5% (w/v) ascorbic acid, 0.4 M (v/v) HCl, 0.48% (w/v) (NH 4 ) 2 MoO 4 and 0.8% SDS) was then added to stop the reaction and start colour development. After 10 min incubation at 18 uC, 75 ml colorimetric solution (2% (w/v) arsenite, 2% (v/v) acetic acid and 3.5% (w/v) sodium citrate) was added to the mixture and incubated for another 30 min at 18 uC. Absorbance was measured at 860 nm. One experiment with three replicates was performed for each construct and ion. Reconstitution in proteoliposomes. E. coli polar lipids (25 mg ml
21
) and eggyolk phosphatidylcholine (25 mg ml 21 ) in chloroform were mixed at a 3:1 (w/w) ratio and dried under a nitrogen stream and continuous rotation to form a homogeneous thin film in a glass balloon. Lipids were desiccated overnight under vacuum (protected from light) and suspended in 1 mM dithiothreitol (DTT) to a final concentration of 25 mg ml
. A concentrated stock (103) was used to bring the suspension to a final concentration of 20 mM MOPS, pH 6.8, 250 mM NaCl and 1 mM DTT. Lipids were subjected to three rounds of freeze-thawing in liquid nitrogen. Proteoliposomes were prepared by extrusion (11 times) through 0.2-mm polycarbonate filters to form large unilamellar vesicles (LUVs) using a mini extruder (Avanti Polar Lipids) equipped with two 1-ml gas-tight syringes. Proteoliposomes were destabilized by the addition of n-dodecyl-b-D-maltoside (DDM) to a final concentration of 0.02% (w/v) and tilting for 1 h at 18 uC and were subsequently placed on ice for 10 min. Wild-type and D436N S. sonnei ZntA, as well as LMCA1, were added (1-2 mg ml 21 , purified essentially as described for crystallization) to a final protein-tolipid ratio of 1:20 (w/w), and the mixture was incubated for 1 h at 4 uC under tilting. Control liposomes were prepared using the same procedure without the addition of protein. Detergent was removed through consecutive incubations with activated Bio-Beads SM-2 (Bio-Rad), by exchanging the beads after 1, 16, 18 and 20 h. The Bio-Beads were subsequently removed, and the proteoliposomes were collected by ultracentrifugation at 163,000g for 45-60 min at 4 uC and resuspended in 20 mM MOPS, pH 6.8, 250 mM NaCl and 1 mM DTT (Buffer PL) to a final protein concentration of 1 mg ml
. Zinc transport assays using FluoZin-1. Wild-type and D436N S. sonnei ZntA proteoliposomes were diluted 1:2 in 20 mM MOPS, pH 6.8, 250 mM NaCl and 1 mM DTT to a protein concentration of 0.5 mg ml
. A stock of the fluorescent Zn 21 chelator FluoZin-1 (2 mM in H 2 O) was added to a final concentration of 200 mM. FluoZin-1 encapsulation was performed by three freeze-thaw cycles and subsequent extrusion through 0.2-mm polycarbonate filters. Proteoliposomes were collected by ultracentrifugation at 163,000g for 45-60 min at 4 uC, and the supernatant containing excess FluoZin-1 was removed. Proteoliposomes were washed with 1 ml Buffer PL, collected by ultracentrifugation and suspended in the same buffer (1 ml). Transport assays were performed in the presence of a final concentration of 10 mM MgCl 2 on 100 ml samples. The reactions were initiated by the addition of concentrated stocks of ZnCl 2 (1 mM) and ATP (10 mM) stock to final concentrations of 40 mM ZnCl 2 and 1 mM ATP. A fluorescence time course was measured in a 96-well plate reader using an excitation wavelength of 485 nm and an emission wavelength of 520 nm. Experiments in the absence of ATP were performed in parallel as controls. The ATP-dependent Zn 21 transport was determined as DF/F 0 , where DF is the difference between the fluorescence measured in the presence and the absence of ATP, and F 0 is the fluorescence recorded immediately after ATP addition. Each condition was tested at least in duplicate, and one representative trace is shown for each. H 1 counter-ion transport assays using pyranine. S. sonnei ZntA (wild type) and LMCA1 and control proteoliposomes were diluted 1:2 to final concentration of 20 mM MOPS, pH 7.0, 250 mM NaCl, 100 mM KCl, 10 mM MgCl 2 and 1 mM DTT (Buffer Counter). A stock of the fluorescent pH indicator pyranine (0.1 M in H 2 O) was added to a final concentration of 10 mM. Pyranine encapsulation was performed using three freeze-thaw cycles and subsequent extrusion through 0.2-mm polycarbonate filters. Proteoliposomes were collected by ultracentrifugation at 163,000g for 45-60 min at 4 uC, and the supernatant was removed. Proteoliposomes were washed with 1 ml Buffer Counter, collected by ultracentrifugation and suspended in the same buffer. The reactions were initiated by the addition of concentrated stocks LETTER RESEARCH of ZnCl 2 (1 mM) or CaCl 2 (2.5 mM) and ATP (10 mM) to obtain a final concentration of 40 mM ZnCl 2 (for S. sonnei ZntA) or 100 mM CaCl 2 (for LMCA1), and 1 mM ATP. Experiments in the absence of ATP were performed in parallel, as well as experiments on control liposomes. A fluorescence time course was measured in a 96-well plate reader using an excitation wavelength of 450 nm and an emission wavelength of 520 nm. The ATP-dependent H 1 counter-ion transport was determined as DF/F 0 , where DF is the difference between the fluorescence measured in proteoliposomes and in control liposomes and F 0 is the fluorescence recorded immediately after ATP addition. Each condition was tested at least in duplicate, and one representative trace is shown for each. Effect of Na 1 or K 1 on S. sonnei ZntA activity. To investigate the effect of Na 1 or K 1 on the activity of wild-type S. sonnei ZntA in detergent micelles, the buffer in S. sonnei ZntA stock solutions was exchanged using 5-ml HiTrap desalting columns packed with Sephadex G-25 resin with a K 1 -depleted solution (20 mM MOPS, pH 6.8, 250 mM NaCl, 1 mM DTT, 0.01 mg ml 21 C 12 E 8 and 20% (v/v) glycerol) or a Na 1 -depleted solution (20 mM MOPS, pH 6.8, 250 mM KCl, 1 mM DTT, 0.01 mg ml 21 C 12 E 8 and 20% (v/v) glycerol). To exchange the buffer in proteoliposome preparations, 100 ml stocks were diluted in 1 ml 20 mM MOPS, pH 6.8, 250 mM NaCl and 1 mM DTT or 20 mM MOPS, pH 6.8, 250 mM KCl and 1 mM DTT and regenerated by using three freeze-thaw cycles. Proteoliposomes were collected by ultracentrifugation, washed with 1 ml of the corresponding buffer and regenerated by using three freeze-thaw cycles. This procedure was repeated, and the proteoliposomes were subsequently extruded through 0.2-mm polycarbonate filters. Proteoliposomes were collected by ultracentrifugation and suspended in a final volume of 100 ml. The ATPase activity was determined using the Baginski method described above in the presence of a final concentration of 40 mM ZnCl 2 or 1 mM EDTA for background correction. One experiment with three replicates was performed for each of the ions tested (Na 1 and K
1
). Effect of Mg 21 on S. sonnei ZntA activity in proteoliposomes. The buffer was exchanged by diluting proteoliposome stocks in 20 mM MOPS, pH 6.8, 250 mM NaCl, 80 mM KCl, 5 mM MgCl 2 and1 mM DTT (Buffer MCA) or 20 mM MOPS, pH 6.8, 250 mM NaCl, 80 mM KCl and 1 mM DTT (Buffer MCB) followed by three freeze-thaw cycles and extrusion through 0.2-mm polycarbonate filters. Proteoliposomes were collected by ultracentrifugation at 163,000g for 60 min at 4 uC and suspended in the corresponding buffer. The ATPase activity was determined using the Baginski method as described above. As the buffer used in the assays contains ATP and MgCl 2 (required for ATP hydrolysis), the ATPase activity is stimulated exclusively for correctly oriented S. sonnei ZntA (N-domain facing outside). The presence or absence of Mg 21 in the proteoliposome lumen (buffer MCA or MCB) allows the identification of the putative requirement of Mg 21 counter-ion transport for activity. One experiment with three replicates was performed. Determination of Zn 21 -binding stoichiometry using Zincon. S. sonnei ZntA and ZntA mutants were titrated with 5-6 ZnCl 2 equivalents per mol (using a 10 mM ZnCl 2 stock) and subsequently desalted in 20 mM MOPS-KOH, pH 6.8, 80 mM KCl, 100 mM NaCl, 3 mM MgCl 2 , 0.15 mg ml 21 C 12 E 8 and 1 mM TCEP using a HiTrap desalting column packed with Sephadex G-25 resin to remove free or loosely bound metal. The Zn 21 content of the samples was determined by colorimetric quantification upon complex formation with 2-[5-(2-hydroxy-5-sulphophenyl)-3-phenyl-1-formazyl]benzoic acid (Zincon). Briefly, metal release was achieved upon incubation in a final concentration of 30 mM HCl. Subsequently, samples were diluted to a final concentration of 100 mM borate, pH 9, and 4 M guanidinium chloride, followed by the addition of Zincon to a final concentration of 40 mM. The quantification of Zincon-Zn 21 complexes was performed in a 96-well plate reader (Perkin Elmer) by measurement of the absorbance at 630 nm using a calibration curve obtained by the addition of an increasing amount of ZnCl 2 in the same buffer. The protein concentration was determined by a modified Bradford assay. Protein solutions (10 ml) were incubated with 10 ml 1 M NaOH. Subsequently, 500 ml Bradford reagent was added, and quantification was performed in a 96-well plate reader by measurement of the absorbance at 600 nm using a calibration curve obtained with BSA standards. Three independent experiments with three replicates for each experiment were conducted. ClusPro docking. S. sonnei ZntA in the E2P state and the E. coli ZntA HMBD fragment containing residues 46-118 (PDB ID, 1MWY 13 ) were chosen. The sequence identity of the E. coli ZntA HMBD with the corresponding residues of the S. sonnei ZntA HMBD was 97%. Docking was done using the ClusPro server 36 . The best model in the van der Waals 1 electrostatics scoring scheme was selected, as judged by cluster size scores. Molecular dynamics simulations. Two 60-ns atomistic molecular dynamics simulations were run, one for each of the two ZntA structures. AlF 4 2 bound to the E2?P i structure was modelled as H 2 PO 4 2 as described previously 37 . D436-BeF 3 2 in the E2P structure was modelled as a phosphorylated aspartate using CHARMM27 parameters 38 . The bound Mg 21 was retained in both structures. ZntA was embedded in a dioleoylphosphatidylcholine (DOPC) membrane based on the coordinates of a pre-equilibrated slab multiplied eight times from the Laboratory of Molecular & Thermodynamic Modelling, and the proteins were positioned according to transmembrane alignment with the Orientations of Proteins in Membranes database coordinates of the E2?P i Cu 1 -ATPase structure (PDB ID, 3RFU 11 ) 39 . Lipids with atoms within 0.8 Å of any protein atom were deleted. Finally, the protein-membrane systems were further solvated with TIP3P 40 water and neutralized with sodium. Molecular dynamics simulations were run using the NAMD 2.8 program 41 employing the CHARMM27 force field for proteins 42 and the CHARMM36 force field for lipids 43 . Before simulation, the systems were subjected to 2,000 steps of conjugate gradient minimization. Then, a 0.5-ns molecular dynamics simulation was performed where everything but the lipid tails was kept constant (NVT ensemble, T 5 298 K), allowing the lipids to adapt to the protein to some extent. Next, the systems were minimized for 1,000 steps after which all atoms were allowed to move freely for 0.5 ns (NPT ensemble, T 5 298 K, P 5 1 atm) except for the protein backbones, which were held fixed. Finally, all atoms were allowed to move freely in a production run of 60 ns. The temperature was controlled by Langevin dynamics, and the Nosé-Hoover-Langevin piston method was used for controlling the pressure 44, 45 . The electrostatics were fully accounted for by applying the particle mesh Ewald method with periodic boundary conditions 46 . The van der Waals interactions were truncated at 12 Å , applying a switching function at 10 Å . The neighbour list containing all pairs of atoms for which non-bonded interactions are calculated included atoms within 14 Å of each other and was updated for every 20 steps. Bonded interactions were evaluated every 1 fs, while electrostatic and van der Waals interactions were evaluated every 4 and 2 fs, respectively. Each production run was for 60 ns, producing 60,000 frames, of which 2,000, evenly spread over the simulation time, were used for analysis.
To describe the release pathway and accompanying Zn
21
-protein interactions, a steered molecular dynamics (SMD) approach was used 47, 48 . A divalent Zn 21 was placed between the ion-coordinating residues C392, C394 and D714 in the E2P state, and this was followed by deletion of three clashing water molecules and a 10,000-step conjugate-gradient energy minimization. A force constant of 5 kcal mol 21 Å 22 and velocities of 10-20 Å ns 21 were applied to the ion directed from the inside out in the z-direction in ten independent 1-ns simulations. Similar release pathways were observed in the ten SMD simulations, and the number of Zn 21 -protein interactions within a 5 Å cut-off were calculated. The Cas of six remote residues (148, 198, 367, 383, 385 and 705) were restrained to keep the system from drifting when applying the force.
Figures. Structural representations were generated using PyMol 49 . Helices MA, MB and MB9 have been removed for clarity in Fig. 1b, c , and helices M3-M4 of L. pneumophila CopA and S. sonnei ZntA were aligned to generate Fig. 1c. In Fig. 3c , the structures were aligned using the M4-M6 transmembrane helices, and the view is from the extracellular side. Taking the E1-E2 conformational changes into account, K693-D714 (S. sonnei ZntA) and R655-D684 (A. thaliana AHA2) almost overlap. In H . In Fig. 3d , the electron density is provided for the E2P state. A deep pathway reaches the intramembranous high-affinity ion-binding site and may allow Zn 21 release via E202. In Fig. 3e , the view is from the intracellular side. Ion entry to S. sonnei ZntA may occur through negatively charged residues placed inside the periphery of the positively charged residues of MB9. The view in Fig. 3f is identical to that in Fig. 3e , displaying a highly electronegative funnel (negative surface in red and positive in blue) formed by the residues of M1, M2 and M3. The funnel extends towards the ion-binding CPC motif and is constricted by M187 and F210, presumably guiding ions to the membranous high-affinity ion-binding site and excluding non-transported compounds (see also Extended Data Table 2b ). The view in Fig. 3g is identical to that in Fig. 3e but for RESEARCH LETTER
